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In this paper, we proposed a seven-dimensional (7D) representation of ribonucleic acid (RNA) secondary structures. The use
of the 7D representation is illustrated by constructing structure invariants. Comparisons with the similarity/dissimilarity
results based on 7D representation for a set of RNA 3 secondary structures at the 3'-terminus of different viruses, are
considered to illustrate the use of our structure invariants based on the entries in derived sequence matrices restricted to a

selected width of a band along the main diagonal.
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1. Introduction

In recent years graphical representations of DNA were
introduced to facilitate comparison of DNA sequences and
servation of differences in their structures. Several authors
outlined different approaches to compute the similarity of
DNA sequences based on 2D, 3D or 4D graphical
representations [2—7,9—11]. The advantage of graphical
representation of DNA sequences is that they allow visual
inspection of data, helping in recognizing major differences
among similar DNA sequences.

Ribonucleic acid (RNA) is an important molecule
which performs a wide range of functions in the
biological system. In particular, it is RNA (not DNA)
that contains genetic information of virus such as
HIV and, therefore, regulates the functions of such
virus. RNA has recently become the center of much
attention because of its catalytic properties, leading to an
increased interest in obtaining structural information
[8,11-19]. Using the similar methods with the
graphical representation of DNA sequences, one also
can outline several graphical representations of RNA
primary sequences based on 2D, 3D or 4D to compute the
similarity of RNA primary sequences. Now, we will
consider the similarity of RNA secondary structures.

Previously, almost all such comparisons were based on
alignment of RNA structures: a distance function or a score
function is used to represent insertion, deletion, and substitution
of letters in the compared structures. Using the distance
function, one can compute similarity between RNA structures.
There are many algorithms for computing the similarity
between RNA secondary structures [13—19]. But, by using
these approaches, the chemical structures and properties are
ignored, and there is a restriction of non-crossing.

In this paper, based on the classifications of bases and
base pairs, we shall propose a seven-dimensional (7D)
representation, which avoids the limitation associated with
non-crossing. We make a comparison of the secondary
structures at the 3'-terminus belonging to nine different
species based on this graphical representation. In figure 1,
the secondary structures at the 3’-terminus belonging to
nine different viruses are listed, which were reported by
Bol [1]. The similarities are computed by calculating the
Euclidean distance between the end points of the vectors
or calculating the correlation angle of two vectors.

In Section 2, we introduce the 7D representation of
RNA secondary structures. Section 3 presents the structure
invariants. In Section 4, we compute the similarities/dis-
similarities among nine RNA secondary structures based
on bandwidth averages.
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Figure 1. Secondary structure at the 3'-terminus of RNA 3 of alfalfa mosaic virus (AIMV-3 [20]), citrus leaf rugose virus (CiLRV-3 [21]), tobacco
streak virus (TSV-3 [22,23]), citrus variegation virus (CVV-3 [21]), apple mosaic virus (APMV-3 [24]), prune dwarf ilarvirus (PDV-3 [25]), lilac ring
mottle virus (LRMV-3 [26]), elm mottle virus (EMV-3 [27]) and asparagus virus II (AVII [28]). Numbering of nucleotides is from the 3’end of RNA 3.
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Figure 2. Substructure of AIMV-3 and CiLRV-3.

2. 7D representation of RNA secondary structures

The secondary structure of an RNA is a set of free bases
and base pairs forming hydrogen bonds between A-U,
G-C,and G-U. LetA, U, G, C,G", U" denote A, U, G,
C in the base pair A-U, G-C and G-U, respectively.
Then we can obtain a special sequence representation of
the secondary structure. We call it characteristic sequence
of the secondary structure. For example, the correspond-
ing characteristic sequence of the substructure of AIMV-3
(figure 2) is CGUAG'G'G'AAUC'C'C'CG (from 3’ to 5').

We will illustrate the 7D characterization of RNA secondary
structure at the 3-terminus of RNA 3 listed in figure 1. In 7D
space points, vectors and directions have seven components,
and we will assign the following basic elementary directions to
the four free bases and three base pairs.

freebase A(1,0,0,0,0,0,0);
U(0,1,0,0,0,0,0)
C(0,0,1,0,0,0,0);
G(0,0,0,1,0,0,0)

basepair A-U(0,0,0,0,1,0,0)
C-G(0,0,0,0,0,1,0)
G-U(0,0,0,0,0,0,1)

The above selection is equivalent to any other permutation of
labels and directions, because the seven directions of 7D space
are fully equivalent, hence, this selection should not be viewed
as introducing any arbitrary decision to influence numerical
analysis that follows.

We will reduce a RNA secondary structure into a series
of nodes Py,P1,P»,...Py, whose coordinates x,, V.., Zu, Su»
Uy Wy 1, (n=0,1,2,....,N where N is the length of the
RNA secondary structure being studied) satisfy

Xy = Ay
yn = U,
2 =Cy
s, = G,
v, =Al + U,
w, = C, + G,
=Gl +U"

Where A,, C,, G, U, A, U, C,., G, G and U
are the cumulative occurrence numbers of A, C, G, U,
A, U, C, G, G and U, respectively, in the subsequence
from the 1st base to the nth base in the sequence.
We define A() = Co = G() = UO :A6 =U,=C)=
G,=G!=U"=0. In table 1, we have introduced 7D
coordinates for the first 15 bases of AIMV-3 and CiLRV-3 in
order to illustrate differences between the initial stages of the
two secondary structures.

Obviously, X,.s Y Zus Sns Uns Wpsy 1, are independent. So
transform A< U, A< C, A< G, Ce G, Ce U,
Ge U A-Ue C-G, A-U= G-U, G-U<= G-C,
A(U, C or G) & A-U(G-C or G-U) means that x &y,
XS ZLXSS, 198, 790),5S), 00w 0L W,
x(y, z or 5) < v(w or t), respectively.

Since we have no graphical representation to associate
with a random walk in 7D space, we have constructed the
distance matrix for each such random walk in which any
(i, j) entry is the Euclidean distance between correspond-
ing points in 7D space given by

Diy=/ (AP (AW) (AP (AP A0)+(Aw) (A

where AJC:A, - Aj, Ay = Ui -
Gi— G, Av=Al+U—A-U!

l]j,AZ:Ci_ q,AS:
Aw=Cl+G|—Cl~G,

Table 1. 7D Coordinates for the first 15 bases of AIMV-3 and CiLRV-3.

AIMV-3 CiLRV-3
no. Base X y z s v w t Base X y z s v w t
1 C 0 0 1 0 0 0 0 C 0 0 1 0 0 0 0
2 G 0 0 1 1 0 0 0 G 0 0 1 1 0 0 0
3 U 0 1 1 1 0 0 0 U 0 1 1 1 0 0 0
4 A 1 1 1 1 0 0 0 A 1 1 1 1 0 0 0
5 G 1 1 1 2 0 1 0 G 1 1 1 2 0 1 0
6 G 1 1 1 3 0 2 0 A 2 1 1 2 1 1 0
7 G 1 1 1 4 0 3 0 G 2 1 1 3 1 2 0
8 A 2 1 1 4 0 3 0 G 2 1 1 4 1 3 0
9 A 3 1 1 4 0 3 0 A 3 1 1 4 1 3 0
10 U 3 2 1 4 0 3 0 A 4 1 1 4 1 3 0
11 c 3 2 2 4 0 4 0 A 5 1 1 4 1 3 0
12 c 3 2 3 4 0 5 0 c 5 1 2 4 1 4 0
13 c 3 2 4 4 0 6 0 c 5 1 3 4 1 5 0
14 C 3 2 5 4 0 6 0 U 5 2 3 4 2 5 0
15 G 3 2 5 5 0 6 0 c 5 2 4 4 2 6 0
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Table 2. A 15 X 15 fragment of the 39 X 39 distance matrix belonging to the 7D representation of AIMV-3.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0 1 V2 V3 NG Jis V27 V30 V35 V38 V46 V38 V74 9 V90
2 1 V2 2 V10 V20 V23 V28 V31 V39 V51 V70 V74 9
3 0 1 V3 3 V19 V22 V271 V28 6 N/ 8 V71 V78
4 0 V2 NG V18 V19 V22 V23 V31 V43 V59 /66 V73
5 0 V2 V8 3 V12 Vi3 V19 V29 Va3 V50 V55
6 0 V2 NE} V6 NG Vil V19 V31 V38 N
7 0 1 2 NG N Vi3 V23 V30 V31
8 0 1 N/ 2 V10 V20 V27 V28
9 0 1 V3 3 V19 V26 V27
10 0 V2 V8 VI8 5 V26
11 0 V2 NG V18 V19
12 0 V2 NS V6
13 0 1 V2
14 0 1
15 0

At=G/+U/—G}—Uj. Obviously all transformations do
not affect distance measure. So there is a unique distance
matrix corresponding to a RNA secondary structure.

In table 2, we show a fragment of 39 X 39 distance
matrix corresponding to the 7D representation of AIMV-3.
This matrix, which summarizes all the distances between
the nucleic bases in the 7D representation, forms our basic
information of RNA secondary structures.

We will do mathematical analysis and comparison of
distance matrices belonging to different RNA secondary
structures. Constructing suitable structural and matrix
invariants facilitates such comparisons. In this contri-
bution, we will point out invariants that can be extracted
from the distance matrix, such as that shown in table 2.

3. Structure invariants

Aninvariant, by definition, is a quality (numerical value) that
is dependent of any graphical representation of a structure or
assignment of labels used to construct the matrix
representing structure. Similarity, structure invariants are
quantities that can be attributed to a structure independently

Table 3. Expression for band average widths 1—14 for the 15 X 15
fragment of the distance matrix of AIMV-3.

o]
)
S
QU

AIMV-3

(8+6v2)/14

(42433 +484+5+2)/13

(13+ 26 +3V/18+ /3 ++/5) /12

(3V7 + 2410 + 4V19 + 5 + V12) /11

(V15 +2v20 + 2422 + 24/13 4+ 2426 + 11) /10
(4427 +3v23 +24/19) /9

(2+/30 + 3v28 + 29 + 2/31) /8

(231 + /35 + 6 + /38 + 24/43) /7

(V38 + /39 + VAT + V48 + /50 + 1/59) /6
(V46 + /51 ++/55 + 8 + /66) /5
(
(
9

O 0 3 AN R W N~

—_ =
—_ o

V38 + /70 + V71 ++/73) /4
274+ /18) /3

V90

—_
[\

—_——
S W

of labels used to identify individual elements of a structure or
any graphical representation of a structure. There is,
however, an important difference between structure
invariants and matrix invariants in that in a structure the
adjacency of neighboring elements is firmly fixed and is not
lost in alternative graphical or labelling uses. Thus, for
instance, the first two bases C, G of AIMV-3 will remain
adjacent regardless of labels used for C and G, which need
not be 1 and 2.

The structure invariant that we will introduce will be
explained on the 15 X 15 fragment of the distance matrix
of table 2. One can observe that in each row of the table the
entries increase from left to right. The matrix can easily be
rearranged by first placing the smallest entry (either 1 or
\/5) next to the main diagonal, then the next smallest entry
(\/E, V3,2,4/5, or \/g) next to the first, and so on till all
entries are arranged in increasing order as we more from
the diagonal zero to the right.

In the following we will assume that all distance matrices
considered have already been so ordered. We can now
consider the sums of elements in diagonal entries parallel to
the main diagonal, which consists of zeroes. In the case of
table 2, we obtain for the first few neighboring diagonals the
following sums: 8 + 6+/2, (4v/2 4+ 3+/3 + 48 + /5 + 2),
(13 + 2\/5 +3J/18+ 3+ \B), and so on. We will refer to
these sums as band invariants of different width, specifically
by, by, by for 8462, (442 +3/3+4/8++/5+2),
(13 4246+ 3v/18 + /3 ++/5). One can observe that
these quantities are not matrix invariants but can always be
extracted from any matrix in whatever form it is presented by
considering adjacency between structure elements. If the
distance matrix is already in the canonical form based on
assigning labels to nucleic acid bases of secondary structures,
band invariants can readily be obtained by summing elements
along each of the lines parallel to the main diagonal.

In table 3 we show the band invariants based on
15 X 15 fragments of the secondary structure of AIMV-3.
One can find that there is considerable variation in the
form and numerical values for bandwidth invariants
belonging to different secondary structures. In table 4 the
numerical values for the average bandwidths are listed.
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Table 4. Numerical value for the band average widths 1—14 for the 15 X 15 fragment of the distance matrices for the RNA 3 of nine species of figure 1.

Band AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
0 0 0 0 0 0 0 0 0 0

1 1.1774 1.2366 1.2070 1.2366 1.1774 1.2366 1.2366 1.1774 1.2366
2 2.0308 1.9754 1.8603 1.9303 2.0758 1.9754 2.1352 1.8535 1.9754
3 2.8298 2.7437 2.5691 2.6426 2.8541 2.7095 2.8901 2.5008 27437
4 3.5950 3.5008 3.3309 3.3835 3.5096 3.4401 3.5393 3.1944 3.5008
5 42924 4.1388 3.9727 4.0276 4.0748 4.0530 4.1764 3.7749 4.1338
6 4.8767 4.8547 4.6896 47311 4.6547 4.7616 4.7531 43254 4.8547
7 5.4189 5.5604 5.3034 5.4639 5.2080 5.4230 5.2144 4.8598 5.5604
8 6.0471 6.2274 5.8476 6.1593 5.8033 6.0133 5.7546 54211 6.2274
9 6.7487 6.9333 6.4022 6.8597 6.5222 6.6538 6.3617 5.9970 6.9333
10 7.4926 7.5706 6.9702 74914 7.2916 7.2668 7.0498 6.5224 7.5706
11 8.1928 8.1785 7.5307 8.1167 7.9707 7.9230 7.7340 7.1175 8.1785
12 8.6787 8.6920 8.0803 8.6157 8.5017 8.4210 8.2590 7.5900 8.6920
13 9 9.0795 8.6890 9.0260 9.0550 8.9110 8.8560 8.0620 9.0795
14 9.4870 9.6950 9.1100 9.6950 9.4870 9.5920 9.4870 8.4850 9.6950

4. Similarities/dissimilarities based on bandwidth
averages

We will illustrate the use of the 7D quantitative
characterization of RNA secondary structure with
the examination of similarities/dissimilarities among the
nine structures listed in figure 1. We construct a n-
component vectors (with n =35, 10, or 15) consisting of
the average bandwidth. The underlying assumption is that
if two vectors point to a similar direction in the n-
dimensional space, and then the two RNA secondary
structure represented by the n-component vectors are
similar.

The similarities among such vectors can be computed in
three ways: (1) we calculate the Euclidean distance
between the end points of the vectors; (2) we calculate the
correlation angle of two vectors, and (3) we calculate the
cosine of the correlation angle of two vectors. When one
calculates the correlation angle of two vectors, the cosine
of the correlation angle of two vectors can be obtained
easily. The smaller Euclidean distance between the end
points of two vectors, the more similar the RNA secondary
structure. And, the smaller correlation angle between two
vectors, the more similar the RNA secondary structure.
On the other hand, the larger the cosine of the correlation
angle between two vectors, the more similar the RNA
secondary structure.

In tables 5 — 10 we have listed the similarity/dis-
similarity table between the secondary structure at the
3'-terminus of RNA 3 of nine species based on cumulative
bandwidths of order 5, 10, and 15, that is based on vectors
with 5, 10, and 15 components. The three different
bandwidths that we consider correspond to invariants that
consider RNA substructure with length 5, 10, and 15, all
confined to the first 15 RNA nucleic acid bases. Observing
tables 5—10, we can find that the smallest entry O indicates
that the substructures of CiLRV-3 with length 5, 10, or 15
are the same as the corresponding substructures of AVIIL.
Figure 1 proved the results.

A comparison of the three separate similarities may vary.
Such as, for the shortest segments, in table 6 the most similar
are CVV-3-EMV-3 (except for CilRV-3-AVII) with the
smallest value 0.006029, but as we increase the length of the
segments, the similarity of the pair CVV-3-EM V-3 decreases
considerably. On the other hand, the similarity between the
pairs CiLRV-3-AVII, LRMV-3-CVV-3, CVV-3-AVII and
LRMV-3-AVIlis only slightly affected by the increase of the
length of the fragment considered and corresponds to the
smaller numerical entry for the cumulative bandwidths
based on all 15 components of the vectors in table 4.

In tables 11-13 we show the similarity/dissimilarity
table for the nine secondary structure based on cumulative
bandwidths of order 5 but using the full structure listed in
figure 1. Interestingly, with the full RNA secondary

Table 5. Similarity/dissimilarity between the nine species of figure 1 based on the Euclidean distances between the end points of the 5-component
vectors of the bandwidth 5.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.151197 0.409463 0.305583 0.099542 0.212226 0.145405 0.547866 0.151179
CiLRV-3 0 0.271063 0.161290 0.160781 0.069672 0.220116 0.413818 0

TSV-3 0 0.118090 0.400593 0.213918 0.472142 0.155626 0.271063
CVV-3 0 0.292076 0.098555 0.357091 0.255478 0.161290
APMV-3 0 0.198303 0.095974 0.523058 0.160781
LRMV-3 0 0.260755 0.349698 0.069672
PDV-3 0 0.594449 0.220116
EMV-3 0 0413818
AVII 0
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Table 6. The similarity/dissimilarity matrix for the nine species of figure 1 based on the angle between the end points of the 5-component vectors of the
bandwidth 5.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.017905 0.027100 0.026510 0.018645 0.021729 0.026363 0.029127 0.017905
CiLRV-3 0 0.010507 0.009334 0.025869 0.006784 0.027000 0.013837 0

TSV-3 0 0.008021 0.035945 0.012400 0.035601 0.013469 0.010507
CVV-3 0 0.031043 0.006244 0.028927 0.006029 0.009334
APMV-3 0 0.024809 0.010713 0.030590 0.025869
LRMV-3 0 0.023268 0.008120 0.006784
PDV-3 0 0.026603 0.027000
EMV-3 0 0.013837
AVII 0

structure, the most similar are EMV-3 and AVII with the
lowest value of 0.001730, followed by AVII and LRMV-3
with a value of 0.004318 and by LRM V-3 and EM V-3 with
a value of 0.005735.

The Euclidean distance between the end points of
vectors and the correlation angle between vectors are
different measures of the similarity of RNA secondary
structures. There exists an overall qualitative agreement
among nine species’ similarities. However, there are
small differences between tables 5 and 6, 7 and 8, 9 and
10, and 12 and 13. The reasons for these differences
may be as follows: (1) there is some loss of information
associated with the distance matrix and obtained
by calculating the average values for matrix.
(2) information extracted in each structure is not
plenteous enough to allow comparison of nine species.
In general, the correlation angle is the best tolerance for
the similarities.

The similarities based on the full RNA secondary
structure are somewhat altered when the full RNA
secondary structure is compared with the initial part of
the structure, as shown in figure 3. Entries that remain
close to the line y = x indicate pairs of RNA structures
which have not varied much after the initial changes.
Such are, for instance, the pairs { AVII, LRMV-3}, {PDV-
3, APMV-3}, {AVII, CVV-3}. Entries that are at greater
distance from the line y = x indicate RNA secondary
structures that show considerable variation not only at the
initial fragments, but also throughout their length. In
figure 3, we show a plot of bandwidths 1-5 for the initial

fragment of length 15 of AIMV-3 against the bandwidths
1-5 for the full length of AIMV-3.

5. Conclusions

High complexity and degeneracy are major problems in
previous RNA secondary structure representations. Our
representation provides a direct plotting method to denote
RNA secondary structures. From the RNA representation,
the A, U, G, C, A-U, G-u and C-G usage as well as the
original RNA structure can be recaptured mathematically
without loss of textual information. Many properties of
visual importance in a RNA secondary structure are
preserved in the 7D representation. It is useful for
visualizing the local and global features of big or small
RNA secondary structures and can facilitate the visual
discovery of interesting features in a RNA secondary
structure. Another advantage of our approach is that it
allows visual inspection of data, helping in recognizing
major similarities among different RNA structures and it
avoids the limitation of non-crossing. It is well-known that
the alignments of RNA secondary structures are computer
intensive that is direct comparison for RNA secondary
structure. Structure considered in alignment of RNA
structures is only string’s structures. Here, we use an
intensive approach which shall consider not only
sequences’ structure but also chemical structure for RNA
secondary structures. The structure invariant easily
computed and compared is applied to compare RNA

Table 7. Similarity/dissimilarity between the nine species of figure 1 based on the Euclidean distances between the end points of the 10-component
vectors of the bandwidth 10.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.365438 0.691431 0.460037 0.511627 0.354634 0.571858 1.463358 0.365438
CiLRV-3 0 0.787837 0.270229 0.736883 0.404625 0.854500 1.612900 0

TSV-3 0 0.592372 0.444501 0.403059 0.535401 0.859567 0.787837
CVV-3 0 0.632060 0.276897 0.790048 1.395653 0.270229
APMV-3 0 0.398586 0.239560 1.007533 0.736883
LRMV-3 0 0.528256 1.220320 0.404625
PDV-3 0 1.033184 0.854500
EMV-3 0 1.612900
AVII 0
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The similarity/dissimilarity matrix for the nine species of figure 1 based on the angle between the end points of the 10-component vectors of
the bandwidth 10.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVIT
AIMV-3 0 0.025272 0.022288 0.033391 0.015590 0.019115 0.024907 0.012961 0.025272
CiLRV-3 0 0.016161 0.008709 0.032251 0.010575 0.045924 0.023061 0

TSV-3 0 0.022438 0.032270 0.010497 0.039727 0.018830 0.016161
CVV-3 0 0.039741 0.018235 0.053708 0.030276 0.008709
APMV-3 0 0.025384 0.018495 0.016799 0.032251
LRMV-3 0 0.036738 0.014433 0.010575
PDV-3 0 0.024807 0.045924
EMV-3 0 0.023061
AVII 0

Table 9.  Similarity/dissimilarity between the nine species of figure 1 based on the Euclidean distances between the end points of the 15-component

vectors of the bandwidth 15.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.435425 1.336521 0.515108 0.621164 0.578704 0.964611 2.703348 0.435425
CiLRV-3 0 1.5065541 0.302984 0.862610 0.658588 1.216424 2.922276 0
TSV-3 0 1.307057 0.973726 0.895551 0.732306 1.460912 1.506554
CVV-3 0 0.719609 0.475793 1.079372 2.707520 0.302984
APMV-3 0 0.447252 0.519988 2.270681 0.862610
LRMV-3 0 0.634160 2.308452 0.658588
PDV-3 0 1.951331 1.216424
EMV-3 0 2.922276
AVII 0
Table 10. The similarity/dissimilarity matrix for the nine species of figure 1 based on the angle between the end points of the 15-component vectors of
the bandwidth 15.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.016062 0.021035 0.021965 0.018375 0.018288 0.024869 0.014194 0.016062
CiLRV-3 0 0.015698 0.008159 0.023449 0.010821 0.030440 0.015986 0
TSV-3 0 0.019551 0.024828 0.011806 0.024972 0.012069 0.015698
CVV-3 0 0.024773 0.012663 0.033388 0.021311 0.008159
APMV-3 0 0.019257 0.017804 0.018684 0.023449
LRMV-3 0 0.022105 0.012365 0.010821
PDV-3 0 0.018544 0.030440
EMV-3 0 0.015986
AVII 0

Table 11. Initial band average width for the distance matrices of the nine species of figure 1.
Band AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVIl
1 1.2179 1.2650 1.2588 1.2435 1.2070 1.2598 1.2277 1.2760 1.2707
2 1.9626 2.0657 1.9611 1.9122 1.9604 1.9717 2.0013 1.9781 1.9714
3 2.6163 29172 2.7002 2.6467 2.6691 2.7642 2.7392 2.7726 2.7728
4 3.2867 3.7438 3.5057 3.3181 3.3709 3.5230 3.4444 3.4950 3.5016
5 3.9756 4.5567 4.2516 4.0516 4.0229 4.2743 4.1271 4.2430 4.2485
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Table 12.  Similarity/dissimilarity between the nine species of figure 1 based on the Euclidean distances between the end points of the 5-component
vectors of the average bandwidth 5 using the full RNA secondary structure.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVII
AIMV-3 0 0.806230 0.364488 0.104315 0.110627 0.410819 0.254007 0.378070 0.384726
CiLRV-3 0 0.455902 0.730439 0.707109 0.400967 0.558049 0.434756 0.428281
TSV-3 0 0.284045 0.272260 0.070880 0.152847 0.077557 0.074464
CVV-3 0 0.086116 0.330441 0.195951 0.298626 0.304282
APMV-3 0 0.313522 0.152562 0.276765 0.282490
LRMV-3 0 0.174291 0.046235 0.036283
PDV-3 0 0.141350 0.147925
EMV-3 0 0.012117
AVII 0

Table 13. The similarity/dissimilarity matrix for the nine species of figure 1 based on the angle between the end points of the 5-component vectors of
the average bandwidth 5 using the full RNA secondary structure.

Species AIMV-3 CiLRV-3 TSV-3 CVV-3 APMV-3 LRMV-3 PDV-3 EMV-3 AVIl
AIMV-3 0 0.028949 0.022049 0.012703 0.009230 0.020154 0.009968 0.016279 0.017763
CiLRV-3 0 0.013151 0.021960 0.023912 0.011459 0.022422 0.016625 0.015145
TSV-3 0 0.014356 0.019404 0.007003 0.018937 0.011038 0.010264
CVV-3 0 0.012717 0.011208 0.012660 0.006237 0.007887
APMV-3 0 0.016127 0.002471 0.012522 0.013456
LRMV-3 0 0.015020 0.005735 0.004318
PDV-3 0 0.012050 0.012912
EMV-3 0 0.001730
AVII 0
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